A multi-transition 3 mm molecular line single-pointing and mapping survey was carried out towards 29 massive star-forming cores in order to search for the signature of inward motions. Up to seven different transitions, optically thick lines HCO
INTRODUCTION
Massive stars, once formed, dominate the luminous, kinematic, and chemical output of stars and their feedback play a dominant role in the evolution of molecular clouds and any subsequent star formation therein (Krumholz & Bonnell 2007) . Despite their importance the formation of massive stars is currently an unresolved problem. The difficulties lie in their short evolution time scale and complex starforming environment in star cluster, typically embedded in the dense cores. Two main theories for high-mass star formation are mergers of several low-mass stars (Bonnell et al. 1998) , which requires a high stellar density; and accretion of materials from the circumstellar disks, which requires high accretion rate to resist radiation pressure. The latter is similar to that of low-mass star formation (Shu et al. 1987) , which accompanied by outflow during the process of gravitational collapse. It appears that more observations favor the latter scenario for massive star formation (e.g. Zhang et al. 2001; Beuther et al. 2002; Patel et al. 2003 While accretion often can not be observed directly, its presence can be inferred from the presence of large scale infall and outflow (e.g., Klaassen & Wilson 2007) . Therefore the infall motion is one of the important elements to help understand the theories of massive star formation. These motions can be studied by investigating the profiles of optically thick molecular lines, which show the blue asymmetric structure, named "blue profile", a combination of a double peak with a brighter blue peak or a skewed single blue peak in optically thick lines (Mardones et al. 1997) . Before a definite claim of collapse signature from blue profile, we should rule out all other possibilities. For example, we know double peak could be caused by two velocity components in the line of sight. To rule out this possibility we must observe optically thin line that peaks at the self-absorption dip of optically thick line (Gregersen et al. 2000; Wu & Evans 2003) . Surely blue profile may also be caused by rotation or outflow. However, infall motion is the only process that would produce consistently the blue profile. Outflow and rotation only produce a blue asymmetric line profile along a particular line of sight to a source. Outflows strongly affect the line wings in the optically thick molecular line along the outflow axes. Most infall candidates both show infall signatures and young outflows, but outflow does not seem to be responsible for blue asymmetry alone (Klaassen & Wilson 2007) . Rotation might cause blue asymmetric line profile at one side of the rotation axis, but at the same time the red asymmetry could appear at the other side of the rotation axis. Mapping observation allows us to locate the center of the inflow motion and to identify dense cores that are simultaneously showing evidence for inflow motions and outflows (Wu et al. 2007) .
Blue profile was detected in B335, a low-mass star formation region (Zhou et al. 1993 (Zhou et al. , 1994 , which is well matched by the standard model of "inside-out" gravitational collapse (Shu 1977) . Subsequently, more and more blue profiles were found via large surveys towards both young stellar objects (Mardones et al. 1997; Gregersen et al. 2000) and starless cores (Lee et al. 1999 (Lee et al. , 2001 (Lee et al. , 2004 Sohn et al. 2007 ) in low-mass star formation regions. If massive stars are formed by accretion/collapse in a similar way as low-mass stars, blue profile of optically-thick lines should also be found towards them. Actually, these inflow signatures have been reported in many massive sources (Welch et al. 1988; Dickel & Auer 1994; Wolf-Chase & Gregersen 1997; Zhang, Ho & Ohashi 1998) . Especially, several large surveys of inflow signatures in optical-thick lines towards massive young objects have been carried out, which give the important evidence of inflow/accretion/collapse (Wu & Evans 2003; Fuller et al. 2005; Klaassen & Wilson 2007; Wu et al. 2007 ). In these surveys, the infall velocity is found to be between 0.1 km s − 1 and 1 km s −1 and the mass infall rate is estimated to be between 2×10 − 4 M ⊙/yr and 10 −3 M ⊙/yr (e.g. Fuller et al. 2005) .
In this paper, we identify and study the inflow motion using several optical-thick lines including HCO + (1-0), CS(2-1), HNC(1-0), HCN(1-0), and 12 CO(1-0). Our investigation of the profiles of optically thick molecular lines is aimed to understand two questions: (1) Is the inflow motion in massive star formation cores similar to that in lowmass star formation cores? (2) Which optical thick molecular line is the best tracer for the infall motions in massive star-forming cores? Actually, such mapping observations towards collapsing massive star-forming regions, yet are seldom, enable us to identify the most probably infall candidates. Therefore, our observational study of multiple lines in 29 high-mass star-forming regions can help better characterize the detailed properties of massive star formation in the dense cores, reveal more information about the collapsing signatures and provide some strong infall candidates.
After details of our sample selection and the related observations in the next section, the main results of this paper are presented in §3; §3.1 gives the single pointing observation results; §3.2 presents the mapping results and analyses towards the infall candidates. We discuss our observational results in §4 and summarize in §5.
SAMPLE & OBSERVATIONS
As a whole, the sources were selected by applying the following criteria: (1) they are associated with water masers (24 sources) or massive young stellar objects (5 sources); (2) they were included in the Spitzer Space Telescope programs before 2007; (3) source distance is less than 4 kpc. All of the 29 sources in our sample are listed in Table 1 with  22 sources (sources above the blank line in Table 1 ) selected from Shirley et al. 2003 . To enlarge the sample, we also selected 7 sources (sources below the blank line in Table 1 ) from Spitzer programs that have images of massive starforming regions. Among the 7 sources, S88 and IRAS19410 are also listed in Shirley et al. (2003) with different names as S88B and G59.78+0.06 respectively, but the source center positions are slightly different.
There is evidence that water masers are a signature of recent or ongoing high-mass star formation (e.g. Tofani et al. 1995) . The first criterion of our sample selections can ensure that all sources in our sample are associated with massive star-forming regions. With high sensitivity and high spatial resolution at infrared wavelengths, the Infrared Array Camera (IRAC; Fazio et al. 2004) and Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al. 2004 ) see through dust into the birthplaces of stars and provide new insight to directly reveal the distribution of star formation sites and their environments in which stars form. IRAC data are available to all of the tragets and the MIPS data are also available for most of them. Considering the limited resolving power of the telescopes and the size of the infall region, we made some efforts to exclude distant sources. The source distances in the resulting sample are in a range from 0.6 to 4.0 kpc. The positions and distances are mainly determined from two literature search (see Table 1 for references). Most of the sample include cores of ultra-compact Hii (UC Hii) regions, the sample also include cores of compact Hii (CHii) and Hii regions.
Our observations were carried out using the 14 m telescope of Purple Mountain Observatory (PMO) in Delingha, China. The position-switch mode was used, the pointing accuracy is estimated to be better than 9 ′′ . One SIS receivers operating at ∼110 GHz were used in the observations along with an acoustic-optic spectrometer (AOS) back end with 1024 channels. The standard chopper wheel calibration was used during the observations to get the antenna temperature, T * A , which has been corrected for atmospheric absorption. The typical system temperatures Tsys is about 250-350 K. At central source position, the accumulated integration time towards each source is larger than 10 minutes and the signal-to-noise ratio is larger than 10. We carried out our mapping observation only towards strong emission (T * A > 0.5 K in HCO + (1-0) and CS(2-1)) sources with line asymmetry for the sake of the observational efficiency. The positions of CO emission peak (which were marked in Table 1) have the highest priority in further HCO + (1-0) and CS(2-1) observations. The mapping step is 30 ′′ for CS(2-1), HCO + (1-0), and 1 ′ (∼ beam size, for our source distance, corresponding to linear resolution between 0.16 pc and 1.07 pc) for 12 CO(1-0), 13 CO(1-0), C 18 O(1-0). To complement our study, we have also used some data from Ma, Gao, & Wu (2008 in prep.) including CS(2-1), HCO + (1-0), HNC(1-0) and HCN(1-0) mapping data. These ten sources are marked with • in Table 1 and they were observed with the SEQUOIA on the former Five Colleges Radio Astronomy Observatory (FCRAO) 14m telescope with a 25
′′ on-the-fly mapping step. The detailed observation log is listed in Table 2 .
The spectral data were reduced and analyzed with CLASS and IDL software. Linear baselines were removed from all spectra. The rms levels for each spectrum at the CO emission peak are also listed in Table 1 . The complete description of our multiple molecular line observations and all data presentation will be given in a forthcoming paper (Sun & Gao 2008 in prep.) There is little overlap in the samples of previous observational search for infall signatures, particularly the mapping studies. Two major surveys of inflow motion observations that have some source overlaps with our sample are Wu & Evans (2003) and Klaassen & Wilson (2007) . There are fifteen sources that overlap between our HCO + (1-0) mapping observations and that of single-pointing HCN(3-2) observation of Wu & Evans (2003) . Yet, only five sources in our sample overlap with the single-pointing HCO + (4-3) observation of Klaassen & Wilson (2007) .
ANALYSIS & RESULTS

All targets are detected in HCO
12 CO(1-0), 13 CO(1-0), except for G24.49-0.04 owing to a wrong frequency setup (a wrong VLSR was taken). Most sources are pretty strong with T * A of HCO + (1-0), CS(2-1) mainly in a range of 1-4.5 K. But several sources (G19.61-023, G20.08-0.13, G35.58-0.03, G35.20-0.74) show fairly weak emission (T * A < 0.3 K) in HCO + (1-0), and one source (G35.20-0.74) shows quite weak emission (T * A < 0.2 K) in CS(2-1). Among the 29 dense cores observed, S255 shows a very marginal detection in CS emission and S76E has two velocity components in both C
18 O(1-0) and 13 CO(1-0) and is difficult to determine the systematic velocity. Therefore, these sources (G24.49-0.04, S255, S76E) are excluded from the following analysis. We only give the results derived from CS(2-1) and HCO + (1-0) as optically thick spectral lines towards 26 sources below since only ten sources have both HCN(1-0) and HNC(1-0) observations.
Blue profile identification
To quantify the blue asymmetry of a line, we use an asymmetry parameter δV (pioneered by Mardones et al. 1997) defined as the difference between the peak velocities of an optically thick line V(thick) and an optically thin line V(thin) in units of the optically thin line FWHM (Full Width at Half Maximum) dV(thin): δV =
. Mardones et al. (1997) adopted a criterion δV < −0.25 to indicate blue asymmetry and δV > 0.25 to indicate red asymmetry. They chose the threshold value 0.25 at about 5 times the typical rms error in δV in order to exclude the random contributions (Mardones et al. 1997) . We use the same criterion for consistency with their analysis. Because of the asymmetric profiles for many of optical-thick lines, they cannot be fitted by Gaussian function, the peaks of the line profiles of CS(2-1), HCO + (1-0), and HNC(1-0) are identified with the highest flux by cursor. The uncertainties of the velocities and the antenna temperatures at these peaks were estimated by several measurements and the baseline fitting noises. The optically thin line (C 18 O) shows an ideal Gaussian profile and is fitted by the Gaussian function to obtain the peak velocity and FWHM. All these parameters towards the 13 CO(1-0) peak position are listed in Table 3 which includes the peak velocities of CS(2-1), HCO
18 O(1-0), the calculated asymmetry parameter δV of CS(2-1) and HCO + (1-0), and the uncertainties of these parameters (in the parentheses) for all sources.
The blue profile caused by infall motion also requires T * A (B)/T * A (R) > 1 + σ (i.e., the blue peak is stronger than the red peak, hereafter TB/TR ≡ T * A (B)/T * A (R)). These ratios of CS(2-1) and HCO + (1−0) towards the 13 CO(1-0) peak position are available in Table 3 . The peak antenna temperatures of CS(2-1) and HCO + (1-0) towards each source are also listed in table 3 columns 8 and 10, respectively. Based on the methods that we used to derive the ratio of TB/TR, the sources can be classified into three groups: (1) sources show obvious two peaks, we can accurately measure the ratio of TB/TR; (2) sources with asymmetry profiles but do not show obviously two peaks (both blue and red), thus only one peak (either blue or red velocity offset) can be identified. We simply chose the same velocity offset to the systematic veloc- ity as the other peak, so TB/TR can not be exactly derived. We mark "∼" before such sources; (3) sources almost don't show any asymmetry, neither the red nor blue component can be identified, so the intensity ratio TB/TR was flagged with ". . .".
In our sample, four blue profiles were identified in CS(2-1), fourteen blue profiles were identified by HCO + (1-0), three sources show blue profiles both in CS(2-1) and HCO + (1-0) spectra. Within the error bars, the parameters (δV, TB/TR) of several sources (W44, G192, G35.20-0.74,S88) are approaching the criterion, so they are possible candidates of the blue profiles or red profiles and are marked with "?" in + (1-0) and red asymmetry, no asymmetry, red asymmetry, red asymmetry in CS(2-1), respectively. These might suggest a complicated kinematics in the mapped regions in S87 (c.f. Xue & Wu 2008 , where they claimed that the asymmetric line profiles in S87 should result from two clouds at slightly different velocities). Figure 1 presents the statistics of the asymmetry parameters measured towards the 13 CO(1-0) peak position of the 26 sources observed in both HCO + (1-0) and CS(2-1) mentioned before. It's clear that the blue profile predominance was shown, particularly in HCO + (1-0). Because infall is the only process that would produce consistently the blue profile, its predominance indicates that the infall motions are really present in massive star-forming regions. A comparison of the asymmetry parameter δV in CS(2-1) and HCO + (1-0) is shown in Figure 2 , which shows weak correlation between δv in the two molecular lines. As noted above, G35.20-0.74 and S87 show different asymmetry between CS(2-1) and HCO + (1-0) and also greatly affect the correlation between δV of the two lines. Generally, there are more sources with blue asymmetric profiles in HCO + (1-0) line than those in CS(2-1). We will further discuss the difference between the two lines in §4. a Sources marked with ⋄ and * are considered to be probably and strong infall candidates, respectively. b Profile is judged from our CS(2-1), HCO + (1-0) observations and HCN(3-2) observation of Wu & Evans (2003) , respectively. B denotes blue profile, R denotes red profile, N denotes neither blue nor red, ∼ denotes no HCN(3-2) data 
Infall candidates
The mapping observations of multiple transitions could offer detailed investigation to provide strong evidence on whether the core is an infall candidate. It has been widely accepted that the infall candidates must show obvious blue profile at least in one optically thick line, no red profile in other infall tracers and no spacial difference in the mapping observation. Based on all of these, we have found three probable infall candidates (S106, W44, IRAS19410) and six strong infall candidates (G123.07-6.31, W75(OH), S235N, CEP-A, W3(OH), NGC7538). The strong infall candidates are marked in Table 3 and Figure 2 . Figures 3-8 show the HCO + (1-0) mapping observations towards the six most strong infall candidates are presented with only central parts of the HCO + (1-0) maps). Most of the data show obvious asymmetric profiles and all of spectral lines observed towards the 13 CO(1-0) emission peak position. The six infall candidates show consistent blue profile in at least one optically thick spectral line. Most of them show high velocity wing emissions both in HCO + (1-0) and 12 CO(1-0). These might suggest that besides infall motions outflows are also present in the infall candidates. Klaassen & Wilson (2007) also found that seven out of their nine infall candidates show SiO detections. All these confirm that inflow was often accompanied by outflow in the process of massive star forming process. In these strong infall candidates a large scale blue asymmetry was present. From our maps we estimated the extent of the infall signature to be up to 2 ′ × 2 ′ (at least 0.66 pc for G123.07-6.31, 0.59 pc for W3(OH), 1.03 pc for W75(OH), 0.21 pc for CEP-A, 0.84 pc for NGC7538, and 0.34 pc for S235N).
We here choose G123.07-6.31 as a typical example of infall candidate to illustrate our observations (Figure 3) . In Figure 3a , a signature of extended inward motions were detected in all the mapping region of our HCO + (1-0) observation, detailed analysis was needed to better understand the spatial variation of the infall speed of the core. Figure  3b shows all of molecular lines observed towards the maser site (0,0), and outer region of the core (1 ′ ,-1 ′ ). Obvious blue asymmetry is presented in both CS(2-1) and HCO + (1-0).
Along ∆decl. =0 the position-velocity (P-V) diagram of HCO + (1-0) shows strong blue asymmetry (Figure 3c top) while the P-V diagram of C 18 O(1-0) doesn't show any asymmetry (Figure 3c bottom) .
A noticeable feature in Figure 9 is that the HCO + (1-0) lines generally have higher intensity ratios TB/TR than that in CS(2-1) for the six infall candidates; typically∼2.2 for HCO + (1-0) and ∼1.4 for CS(2-1). The difference is significantly larger than any possible errors produced in determining TB/TR. A simple analytic model for collapse (Myers et al. 1996) predicted that the ratio of blue to red component (TB/TR) increases with infall speed (Vin), which assumes that the cloud consists of two uniform paralleled components without rotation and the infall speed of the gas is less than the velocity dispersion σ. Thus, it is likely that HCO+ and CS trace different infall speeds given their different intensity ratios. This also suggests that the infall speeds derived from HCO + (1-0) and CS(2-1) might be different. Of course, we do not expect the derived infall speeds to be same because different infall tracers might trace different spatial components of the clouds along the line of sight. From the mapping observations, it is obvious that the infall speed is also different in different spatial components perpendicular to the line of sight. Thus, these two lines do not necessarily provide duplicate information. Rotation might cause blue asymmetric line profile at one side of the rotation axis, but at the same time the red asymmetry could appear at the other side of the rotation axis. Based on this argument, we could exclude the rotation as the main contributor. We did not do any model fit towards these sources in this paper, some modelling efforts will need to be developed in order to derive the infall motion and mass infall rate in future work.
DISCUSSION
As presented in the previous section, an obvious asymmetry parameter difference was shown between HCO + (1-0) and CS(2-1) in Figs. 2 and 9. HCO + (1-0) line seems to be a better tracer for the study of infall motion compared with CS(2-1). In general, the characteristic blue profile will appear only if the molecular line tracer has a suitable optical depth and critical density. Both HCO + (1-0) and CS(2-1) are optically thick lines, but HCO + (1-0) is more opaque than CS(2-1) (Evans 2003) . The critical density of the two lines is also different. At T k =100K, the critical density of CS(2-1) is 3.9 × 10 5 cm −3 (Evans 1999) , while the critical density of HCO + (1-0) is 1.9 × 10 5 cm −3 (Evans 1999; cf. 5.0 × 10 4 cm −3 Fuller et al. 2005) . A natural explanation for the asymmetry parameter difference between CS(2-1) and HCO + (1-0) is that infall motions are more easily detected in the lower density outer region of the dense core. In the denser regions, the infall motions might be significantly decelerated by thermal pressures, outflows, and other feedbacks from the massive young objects.
Nevertheless, HCN(3-2) has a much higher critical density (6.8 × 10 7 cm −3 at T k = 100 K) than that of CS(2-1), yet it still shows a high inflow motion detection rate (Wu & Evans 2003) . In the fifteen sources that overlap between our survey and that of Wu & Evans (2003) , the profiles derived from HCO + (1-0) are more consistent with that derived from HCN(3-2) than that of CS(2-1) (see Table 3 .). The difference between the optical depth of the two molecular lines might be the more important reason than the difference in the critical density of the two lines. A recent model about blue asymmetry in low-mass star-forming region suggests that the line asymmetry is strongly dependent on the abundance distribution (Tsamis et al. 2008) , which is proportional to the optical depth.
In the fifteen overlap sources, more blue and red profiles were presented by Wu & Evans (2003) than that of ours. Their HCN(3-2) observations were carried out in a single pointing toward dense cores using the CSO 10.4 m telescope 
2
′ × 2 ′ mapping region in our observations whereas it shows red profile in a single pointing HCN(3-2) observation of Wu & Evans (2003) , yet it shows no obvious asymmetry in single pointing HCO + (4-3) observation of Klaassen & Wilson (2007) . In a recent survey, Fuller et al. (2005) also found that the detection rate of infall motion decreases with in- Figure 8 . S235N, the top and bottom panels present HCO + (1-0) map grid and all of spectral lines observed towards (6 ′ ,2 ′ ), respectively. In the top panel, the velocity scale ranges from -40 km s −1 to 0 km s −1 the same as the bottom panel, the temperature scale ranges from -0.5 K to 2 K. creasing source distance. In short, the source distance, half power beam width (HPBW) of the molecular transition line probes, and the size scale of infall region could all affect the infall detection rate.
Even though our observations (resolution ∼ 1 ′ ) did not have the resolving power to probe a linear scale <0.16 pc, the mapping observation of multiple optically thick molecular line could still be useful to give evidence to large scale infall signatures in dense cores. Six infall candidates were identified in our mapping observations, in which large scale (>0.2pc) infall signatures were detected. Among them, NGC7538 has been previously well studied by Sandell et al. (2005) . Their high resolution BIMA HCO + (1-0) observation suggests that an embedded protostar embedded in the core is still in a phase of active accretion. All these might suggest that large scale infall motions are closely related to the kinematics of the inner materials of the cores. A large scale infall might play a certain role in providing some materials for the innermost accretion.
Actually, outflow makes an important contribution to the line wing emissions. But high quality spectra of much higher signal-to-noise ratios are needed to make better judgement in line wings. Following previous similar studies and our observational results, we here believe that the line asymmetry is mainly contributed by infall motion. And to a certain extent, large scale infall signature at least provides an indirect evidence for the inner accretion. Protostellar accretion could be the main physical process responsible for massive star formation. Some models suggest that the accretion must halt before a visible UC Hii phase (eg. Garay & Lizano 1999) , while other models suggest that an ionized accretion can continue through an Hii region (eg. Keto 2003) . Four out of our six infall candidates have already formed UC Hii region (W3(OH), CEP-A, NGC7538) and Hii region (G123.07-6.31), yet they still show large scale infall signatures. Although we don't know whether infall motions halt at smaller scale of the cores, these examples at least at large scale appeared to be consistent with the ionized accretion theory of Keto (2003) .
Comparing with other surveys, our observations show only two (8%) red asymmetry detection in CS(2-1) and no red asymmetry detection in HCO + (1-0) (vs. 21% in HCN(3-2) observation of Wu & Evans (2003) ; 16% in HCO + (1-0) observation of Fuller et al. (2005) ; 10% in HCO + (1-0) of (2005)). Of course, these are just some face values and the exact percentage should be affected by resolution. But it is rather arbitrary to scale the resolution in comparing to other observations. S87 is such an interesting source which shows different asymmetry in CS(2-1) and HCO + (1-0) at different offsets (so might be G35.20-0.74). With our telescope resolving power, it's hard to give a reasonable explanation for the different asymmetry in different positions. The possible explanation also include cloud-cloud collision (e.g. S87, Xue & Wu 2008) . Oscillating was also suggested in some low mass cores, e.g., B68 (Redman et al. 2006 ) and perhaps this might be possible in these massive cores as well. High resolution observations are required towards these sources in order to learn more details about the kinematics of massive star-forming cores. Unlike blue profile, the origin of red profile is still unclear. A simple explanation is that the red profile could be caused by outward motions.
SUMMARY
We performed a systematic multiple transition 3 mm molecular line single-pointing and mapping survey towards 29 massive star-forming cores to search for the signatures of the inward motions. Up to seven different transitions, optically thick lines HCO + (1-0), CS(2-1), HNC(1-0), HCN(1-0), 12 CO(1-0) and optically thin lines C 18 O(1-0), 13 CO(1-0) were observed towards each source. The major results found from these observations include the following:
(i) The normalized velocity differences (δVCS, δV HCO + ) between the peak velocities of optically thick lines and optically thin C 18 O(1-0) for each source were derived. We found a significant difference in the incidence of blue-shifted line asymmetry between CS(2-1) and HCO + (1-0). The HCO + (1-0) line shows the highest occurrence of obvious asymmetric feature. The optical depth difference between the two molecular lines may be responsible for the anomaly. HCO + (1-0) line appears to be one of the best inward motion tracers in massive cores whereas CS(2-1) is not a sensitive tracer to signify the infall motion.
(ii) Blue profile dominance appeared in both CS(2-1) and HCO + (1-0) in most of our sample. This implies the predominance of the inward motion in the massive star-forming cores, which is similar to that in low mass star forming regions. All those may suggest that protostellar accretion could be the main physical process responsible for massive star formation.
(iii) The mapping observations of multiple line transitions enable us to identify six strong infall candidates (G123.07-6.31, W75(OH), S235N, CEP-A, W3(OH), NGC7538). Signatures of extended inward motions are presented in these massive star-forming cores with possibly strong infall. The infall signature is extended up to a linear scale > 0.2 pc.
